ABSTRACT. The plasma and urine kinetics of flunixin-meglumin (FNX, 2 mg/kg, i.v.) in rabbits were examined. Unusual pharmacokinetic profiles were obtained, including high binding percentage with plasma protein (> 99%), a short elimination half-life (< 4 hr) and a relatively large Vd-area (0.5 L/kg). These profiles indicate that some active transport mechanisms are involved in FNX disposition. The recovery of FNX from urine was approximately 9 % of the dose within 24 hr following the injection. The estimated renal clearance of the unbound drug nearly corresponded to the renal blood flow rates, indicating that active tubular secretion in the renal re-absorptive tract may be involved in the disposition. The effect of a concomitant administration of pravastatin (PV) on FNX disposition was also examined. PV is a representative substrate of a transporter in human liver cells (OATP-2). After the PV administrations, the Vd-area of FNX and total body clearance markedly decreased, indicating that FNX is actively taken up and metabolized in liver cells by an OATP-2 like transporter. In conclusion, there are at least 2 active transport pathways for FNX pharmacokinetics in rabbits, one is renal tubular secretion and the other is in the sinusoidal section of the liver. KEY WORDS: active transport, flunixin-meglumin, OATP-2, pharmacokinetics, rabbit.
Flunixin-meglumin (FNX) is a popular non-steroidal anti-inflammatory drug (NSAID) used by veterinarians for treating a variety of animals. Many scientific reports have been published on this drug, some of which defined the characteristic pharmacokinetic profiles of FNX, such as short half-life and ultra-high binding percentages with plasma albumin. The plasma half-life was reported to be approximately 3 hr in lactating cattle [1] and dogs [5] , 2 hr in cats [10] and 1.5 hr in horses [14] . Despite short half-life values, the plasma protein binding fraction was higher than 98% in these animals.
In general, the elimination rate for drugs which have high plasma binding percentage is slow, because both renal filtration and influx of drugs into liver cells for drug metabolism are largely limited to the free drug fraction in plasma. Accordingly, it is reasonable to consider that some active transport pathways may be involved in the pharmacokinetics of FNX. In fact, there have been several reports which describe the involvement of active transport pathways in FNX disposition, for instance, the renal clearance of the unbound drug is much higher than the glomerular filtration rate in horses after FNX injection [14] , suggesting that renal excretion of FNX is mainly due to active tubular secretion or an organic anion transport system. Other data shows that total body clearance is much higher than liver plasma flow in rats (unpublished data), suggesting an active uptake by liver cells in rats. Also, Hardee et al. reported that the Vdarea of FNX is more than 1 L/kg in non-lactating cows [4] , suggesting that an active transport pathway may be involved in the distribution phase in the cows.
In the present study, we examined the pharmacokinetics of FNX in rabbits, with emphasis on the involvement of active transport mechanisms, in both the elimination and distribution phases.
MATERIALS AND METHODS
The experiments were conducted in accordance with the guidelines for the care and use of laboratory animals, Faculty of Agriculture, Tokyo University of Agriculture and Technology.
Animals and drugs: A total of 26 rabbits (Japanese White, adult male, 3-4 kg body weight, Funabashi Farm Co., Ltd., Chiba, Japan) were used after they had fasted overnight. An injectable FNX formulation (Banamine ® , FNX 50 mg/mL, Dainippon Pharmaceutical Co. Ltd., Osaka, Japan) and crystalline pravastatin (PV, Mevarotin ® , Sankyo Pharmaceutical Co., Ltd., Tokyo, Japan) were obtained from the above noted companies. The PV was dissolved in distilled water immediately preceding the intravenous injection.
Pharmacokinetic study: Flunixin-megulmin (FNX, 2 mg/ kg) with or without PV (83 mg/kg or 166 mg/kg) was intravenously injected. The blood samples were collected serially at 1, 2, 4, 6 and 8 hr after dosing, treated immediately with EDTA, and centrifuged at 2,000 g for 10 min to separate the plasma. Urine samples were collected using a metabolic cage at 6 and 24 hr after dosing. The urine samples were centrifuged at 5,000 g for 5 min. All the samples were stored at -20°C until analysis.
A two-compartment open model was used for pharmacokinetic analysis of FNX. Pharmacokinetic parameters of the bi-exponential equation were obtained using a curve fitting program MULTI [16] . The area under the plasma concentration vs time curve from zero to infinity (AUC) was calculated by application of the trapezoidal method to the last measured plasma concentration and extrapolation to infinity. The total body clearance (CLtot) was calculated by dose/AUC. The volume of distribution (Vd-area) was calculated by dividing CLtot by the slope in the elimination phase.
In vitro plasma protein-binding study: Plasma for the in vitro plasma binding study was obtained from four healthy rabbits. A 0.95 mL aliquot of plasma, spiked with a concentration of FNX 200 µg/mL solutions (0.05 mL) was incubated at 37°C for 10 min to allow drug-plasma protein binding equilibrium. The plasma was then pipetted into the sample reservoir of the ultra filtration device, Centrifree Micro-partition System ® (Grace Japan KK-Amicon, Tokyo, Japan), and centrifuged at 2,000 g for 10 min. The filtrate (app. 100 µL) was analyzed immediately after centrifugation. The percentage of plasma binding was calculated as follows:
Binding percentage (%) = {(Total concentration -Unbound concentration) ÷ Total Concentration} × 100 Determination of FNX in plasma and urine: FNX in plasma and urine was determined using HPLC with an UV detector. The detection limit in our method was 46 ng/mL of FNX. The apparatuses consisted of a C8 analytical column (5 µm, 4.6 × 300 mm, RP-8, Lichrospfer ® , Merck, Darmstadt, Germany), a loop injector (7125, Rheodyne Cotani, California, U.S.A.), an UV-spectrophotometric detector (SPD-6A, Shimadzu, Kyoto, Japan), a pump (LC-9A, Shimadzu) and a data processor (Chromatopack C-R4A, Shimadzu). The mobile phase was a mixture of distilled water adjusted to pH 3.0 by concentrated acetic acid and acetonitrile (50:50, vol/vol). The flow rate was 0.8 mL/min. The applied wavelength of the detector was 281 nm.
Plasma samples were deproteinized by adding equal volumes of 0.5 M HClO4 and centrifuged at 5,000 g for 5 min. The supernatant was filtered though a 0.45 µm filter (Chromatodisk 4A, Biofield, Tokyo, Japan) and injected into the HPLC column. The urine samples were diluted with distilled water (10-20 fold), and after filtration through a 0.45 µm filter were injected into the HPLC column.
Statistics: Pharmacokinetic data from each group were analyzed by two-way ANOVA after the homogeneity of variance was confirmed among the groups using the Bartlett test. A significant difference between the groups was confirmed when p<0.05, using Scheffe's multiple comparison test.
RESULTS

Pharmacokinetic profiles of FNX in rabbits:
The binding percentage of FNX in plasma was 99.74 ± 0.32% (n=5) at 10 µg/mL concentration, from the in vitro experiment.
As shown in Fig. 1 , the plasma concentration-time curve showed a biphasic decline after intravenous injection of FNX at 2 mg/kg in rabbits. The pharmacokinetic parameters after intravenous injection of FNX are presented in Table 1 . A short half-life, relatively large Vd-area, high intrinsic renal clearance (CLrub) and intrinsic liver clearance (CLtotub) were detected. The value of CLrub 46.2 mL/min/kg was much larger than the renal filtration rate (app. 2 mL/min/kg), and CLtotub (546 mL/min/kg) was much larger than the blood flow rate into the liver (app. 70 mL/min/kg).
Effects of PV on FNX pharmacokinetics:
The plasma FNX concentration-time curve shifted upwards after PV coadministration. At most sampling points, plasma concentrations of FNX with PV 166 mg/kg were significantly higher than those of FNX alone or with PV 83 mg/kg (Fig. 1) .
As shown in Table 1 , some pharmacokinetic parameters of FNX changed with the PV co-administration. The CLtot and Vd-area decreased significantly, while the A intercept for FNX rose significantly. The half-life of FNX did not change after the co-administration of PV.
DISCUSSION
In the present study, a short half-life (<4 hr) and a high binding percentage with plasma protein (> 99%) were confirmed after the intravenous injection of FNX in rabbits. Similar pharmacokinetic profiles of FNX have also been reported in other animals, including dogs [5] , cats [10] , horses [14] and rats (unpublished data).
One of the characteristic profiles obtained in the present study was the large Vd-area of FNX (app. 0.5 L/kg), compared with the other NSAIDs. The values of Vd-area in most NSAIDs are usually less than 0.1 L/kg, because of FNX's high binding percentages with plasma protein (>98%) [2] . However, some reports have shown a relatively large Vd-area for FNX such as, 1 L/kg and 0.3 L/kg in cattle [4] and dogs [5] , respectively, and 0.16 L/kg for ibuprofen in dogs [13] and 0.20 L/kg in ponies [15] . These large Vd-areas of FNX remind us of the involvement of active transport mechanisms in the distribution phase. Nowadays, 3 kinds of organic anion transporters have been demonstrated in human liver cells [7] ; among them, organic anion transporter type-2 (OATP-2) has been noted to be involved in the uptake of many drugs into liver cells. Similar transporters to this OATP-2 were confirmed in the rat liver, OATP-1/4 (3, 17) . It has been reported that endogenous reduced folate [8] , PV [9, 18] and methotrexate [11] are the substrate of these transporters. Supposing that rabbits might also have a similar transporter in their liver, we examined the pharmacokinetics of FNX in rabbits using concomitant administration of a large amount of PV, expecting to block possible FNX uptake into the liver cells by means of PV. PV, a therapeutic agent for hyper-lipoproteinemias, is a representative substrate of OATP-2.
The Vd-area of FNX decreased by approximately 40% after the concomitant administration of PV with FNX, indicating that FNX is taken up in the liver via an OATP-2 like transporter in rabbits. In addition, CLtot decreased by approximately 50% after the concomitant administration of PV, which may be the result of blockage in the transporter passage, in turn followed by the reduction of FNX metabolism and/or biotransformation. Accordingly, it can be considered that a large fraction of FNX is actively transported via an OATP-2 like transporter into rabbit liver cells for metabolization.
In rabbits, the elimination of FNX was mainly due to nonrenal routes including biotransformation in the liver. The renal clearance was only one tenth of the total body clearance (Table 1) . However, the inherent renal clearance (CLrub) was much higher than the renal filtration rate, app. 2 mL/min/kg. This large CLrub can't be explained without the involvement of active tubular secretion in the FNX disposition in rabbits. Soma et al. [14] reported that the urinary excretion of FNX in horses was approximately a 60% fraction of the dose within 12 hr after the administration, despite the high binding percentage with plasma protein (approximately 99%), indicating that an active transporter in the horse kidney is involved in FNX excretion.
A large fraction of FNX is removed from the body via hepatic clearance, therefore, competitive CYP enzyme metabolism is a possible consideration for FNX and PV. However, because the affinity of PV to CYP enzyme was quite low, such competition must be negligible [6, 12] .
In conclusion, there are at least 2 active transport pathways involved in the pharmacokinetics of FNX in rabbits: renal tubular secretion and OATP-2 like transporter in the sinusoidal section of the liver. The renal transporter may be involved in renal excretion of FNX, and the liver transporter in the distribution and total body clearance of FNX in rabbits. Reviewing the pharmacokinetic profiles of NSAIDs including FNX, large inter-species differences can be found in the pharmacokinetic parameters such as half-life, Vd-area or total body clearance. These species differences may be due to the inherent transporter in animal species. It is important to note that the extra-label use of NSAIDs must be prudent. Each value is expressed as mean ± SD. "n" = the numbers of experiment.
